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Temperature dependence of electromechanical impedance based bond-
line integrity monitoring 
Prathamesh Bilgunde*a and Leonard J. Bonda
a Department of Aerospace Engineering, Iowa State University, Ames, IA-50011 
ABSTRACT  
Electromechanical impedance (EMI) is an important technique for bond-line integrity monitoring of adhesively bonded 
joints in automotive and aerospace structures. In the current work, numerical analysis of temperature sensitivity of the EMI 
technique is performed. The objective is to detect stiffness reduction of the adhesive in the presence of temperature and 
external mechanical load. Increase in the operating temperature can degrade the bonded piezoelectric material causing 
misinterpretation of the EMI data. EMI Signal features are numerically investigated to decouple the effect of load and 
temperature on the piezoelectric material in the mechanically loaded bonded joint. The computational results indicate 
higher dependence of EM resonance spectrum towards piezoelectric material matrix as compared to the tensile load applied 
on the bonded sample as the stiffness of adhesive is numerically varied. 
Keywords: bond-line, electromechanical, impedance, piezoelectric, bonded joint, temperature dependence, tensile load 
1. INTRODUCTION
Adhesively bonded joints are attracting interest in aerospace structures such as the Airbus A380 [1] and in automotive 
structures [2]. However, in-service thermal degradation, dynamic loads, improper curing, and contamination during 
manufacturing reduce the reliability of the bonded joints. To attain a certification of bonded joints, the Federal Aviation 
Administration and the European Aviation Safety Agency [3] [4] has established the requirement that the load bearing 
capability of the joint must be determined by a repeatable and reliable non-destructive inspection method. 
Electromechanical impedance (EMI) based bond-line monitoring is one of the promising techniques in structural health 
monitoring. In this method, a piezoelectric material is attached to a bonded joint to monitor the bond state using electrical 
impedance/admittance. However, an increase in the operating temperature can simultaneously degrade the piezoelectric 
material and adhesive. This can result in misinterpretation of EMI data acquired from the piezoelectric material regarding 
the bond-line integrity. Moreover, when the adhesively bonded samples are mechanically loaded in a high temperature 
environment, the load and the temperature change the EMI of the piezoelectric material. 
Therefore, the objectives of the current work are as follows: 
• To study temperature and load dependence of the EMI of piezoelectric plate
• Decouple the temperature dependence of piezoelectric from the bond stiffness reduction in the EMI signature
• Decouple the EMI response of temperature dependent  piezoelectric material from the external mechanical load
Lastly, the goal is to study if EMI characteristics can be proposed for the stiffness reduction of the adhesive in the presence 
of the temperature dependent response of piezoelectric material and externally applied tensile load on the bonded sample. 
2. STATE OF THE ART
The Electromechanical impedance method is based on the theory of the linear piezoelectric effect. The piezoelectric 
material produces surface charge when a mechanical stress is applied which results in a mechanical wave (direct effect) 
and conversely produces electrical voltage due to mechanical deformation (inverse effect). This change in the surface 
charge and mechanical deformation cause changes in the electrical-mechanical impedance of the piezoelectric material. 
Cawley and Adams [5] pioneered the application of measurement of natural frequencies of the structure for location of 
defects. Crawly et al. [6] presented the analytic and experimental development of piezoelectric actuators as elements of 
intelligent structures. Pandey et al. [7] investigated the curvature mode shape as one of the parameters for damage location 
identification. Giurgiutiu et al. [8],[9] reported self-sensing piezo sensors for structural health monitoring of aging aircraft 
structures. The study concluded that the EMI method and the elastic wave propagation approach are complementary 
techniques that should be simultaneously used for damage detection [9]. The EMI method worked in the near field damage 
detection while the elastic wave propagation approach worked well in the far field. It was indicated that their simultaneous 
utilization will ensure complete coverage of the monitored structure [9].   
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      Park et al. [10] summarized the hardware and software issues of impedance-based structural health monitoring which 
is based on piezoelectric materials. Park et al.[11] also proposed a sensor diagnostics and validation process that performs 
in situ monitoring of the operational status of piezoelectric active-sensors in structural health monitoring (SHM) 
applications. Yang et al. [12] presented a comparison study on the sensitivity of EM admittance and structural mechanical 
impedance (SMI) to the damages within a concrete structure. Results showed that the SMI is more sensitive to the damage 
than the EM admittance, thus a better indicator for damage detection. This work also focused on the relationship between 
the damage index and the distance of the PZT sensor from damage. Consequently, the sensitivity of the PZT sensors and 
their sensing region was derived. Flynn et al.[13] introduced a Bayesian approach for optimal sensor placement for 
structural health monitoring (SHM) applications. The sensor placement strategy focused on the observability of a general 
form of extracted features. Min et al.[14] proposed a neural network based algorithm that was embedded into a wireless 
impedance sensor node to detect real damage in a full-scale bridge. Annamdas [15],[16] reviewed the application and 
practical issues in the EMI method and proposed energy-harvesting techniques to be employed due to powering limitations.  
      Recently, Kouhei et al. [17] developed SHM that qualitatively evaluated the structural integrity of the bond-line for 
CFRP structure by analyzing changes in the amplitude and phase of Lamb waves travelling through bonded components. 
Preisler et al. [18] proposed a strain based SHM system for single and double lap bonded joints which monitored the out-
of-plane deformation near the edges of the bonded region on the lap joint. However, this study did not address the effects 
of changes in the adhesive properties due to environmental effects and the load path change at location other than the lap 
joints.  
 
 Wandowski [19] showed that increasing moisture level in a CFRP sample caused a frequency shift of resistance peaks. 
The temperature change causes frequency shift of resistance signals [20]. However, the sample ends were not fixed, 
representing a free boundary condition. Gulizzi et al. [21] presented a numerical and experimental validation for the EMI 
method in bonded joints. Recently, Zhuang et al. [22] presented a self-diagnostic adhesive which is an EMI method for 
adhesive degradation. Dugnani et al. [23] demonstrated adhesive bond-line degradation detection via a cross-correlation 
using the EMI method. A single lap joint was mechanically loaded using a tensile testing machine and a baseline impedance 
was cross-correlated with the reference signal. They also developed an analytical model of a lap-joint adhesive with an 
embedded piezoelectric transducer for weak bond detection [24].  
     
The previous work till now has focused on change in the EMI due to one parameter such as temperature, load or moisture. 
Practically, these parameters are simultaneously present in the bonded joints in the actual application. Current study will 
focus on the fundamental work of decoupling the load and temperature EMI signature when both are acting simultaneously. 
 
3. PROBLEM DESCRIPTION 
Aluminum is one of the major metal component used in the aerospace structures. In this work, a small length of bonded 
aluminum plates is considered for the numerical study. The geometric configuration of the problem is shown in Fig.1. Let 
Ω be the domain of the problem connected by the Lipschitz boundaries  . The aluminum plates are 15mm long and 1 
mm thick and bonded by 0.1mm thick epoxy adhesive of the same length and represented by domain ΩAl and Ωadhesive 
respectively. Piezoelectric material PZT-5A of 3mm in length and a thickness of 1mm is connected to aluminum plates, 
represented by the domain Ωpz as shown in Fig.1. Hence, the computational domain is given by Ω= ΩAl ∪ Ωadhesive ∪ Ωpz.  
Numerical iterations are based on two parameters: a) An EMI response due to the temperature dependent material matrix 
of piezo b) An EMI response due to external load P. 
 
The assumptions of the problem are given as: a) Plain strain condition b) The material behaves linearly elastic c) Small 
deformation of the plate d) Material is continuous and homogenous d) Damping variation due to temperature is negligible 
d) The thermo-electric coupling resulting into pyroelectric effect is not considered e) Electric field of piezoelectric material 
is irrotational (quasi-electrostatic field which implies absence of magnetization). Thus, the frequency dependence of the 
piezoelectric material is caused only by the mechanical displacement. The objective of this work is to detect a reduction 
of stiffness of adhesive in the presence of thermally degraded piezo and the external load. There are other ways to model 
the reduction in stiffness: 1) By course meshing the adhesive b) Modeling of linear springs etc. 
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In the current model, the change in adhesive stiffness is represented by the change in the longitudinal wave Cp and shear 
wave velocity Cs. To determine the sensitivity of the EMI method in the presence of thermally degraded piezo and external 
load P, Cp and Cs values are reduced by 10% of the nominal values which change the acoustic impedance Zadh. 
 
 
 
Figure 1. Geometric configuration of the problem 
4. METHODOLOGY 
4.1 Constitutive equations of piezoelectric material for temperature dependence 
The polarization Pm of the piezoelectric material is related to electric field E and electric displacement D by  
0m m mD E P                                                                                       (1) 
0 ( )m r mP I E e                                                                               (2) 
0m mP E e                                                                                        (3) 
Where χ represents the dielectric susceptibility of the piezoelectric material. Equation (2), (3) show the relation of dielectric 
permittivity with temperature dependent susceptibility. Using Gibbs electrical function as a thermodynamic potential, the 
stress charge form of the equation can be given by  
ij ijkl kl ijm mC s e E                                                                                     (4)  
m mij ij mk kD e s E                                                                                    (5) 
Where σij, sij are mechanical stress and strain second rank tensors respectively, Em, Dm represents vector of electric field 
and electric displacement respectively. The direct piezoelectric effect is given by equation (4) in which electric 
displacement Dm due to the applied mechanical stress. Inverse piezoelectric effect  is given by equation (5) which relates 
mechanical stress generated due to electric field. Piezoelectric material modeled in this study, PZT 5A, exhibits a crystal 
structure with a symmetry of a 6mm hexagonal  class. The piezoelectric material is considered transversely isotropic if the 
poling axis aligns with one of the material symmetry axes.  In the current model, the problem of in-plane deformation is 
considered in the x-z plane as shown in Fig.1. Poling axis 3 of the PZT coincides with the z axis of the model. Assumed 
electromechanical load for the in-plane problem is given by: a) E1≠0, E3≠0,E2=0, also implies D1≠0, D3≠0,D2=0  b) 
mechanical displacement u1 ≠0,u3≠0,u2=0. Thus, the non-zero stress and strain components are given by σ11, σ33, σ13 and 
s11,s13,s33. The assumption (b) of non-zero mechanical displacement, strain, and stress also applies to the remaining linear, 
elastic, solid domains in the finite element model. 
 
4.2 Frequency domain finite element (FDFE) approach  
An electromechanical impedance based bond-line monitoring method consists of frequency sweep over a predefined 
range. Using time domain finite element techniques, impedance can be computed from transient data consisting of output 
voltage and current. Using fast Fourier transform, frequency sweep of electrical impedance can then be plotted. However, 
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a wave-propagation study in the time domain is computationally costly and requires convergence study to set time step 
and the maximum element size. FDFE approach is a pseudo-static problem that requires no time stepping [25]. However, 
Frequency step for the sweep is set to 1/500 of the largest frequency in the sweep. This increases number of sample points 
in the impedance spectra and the resolution. 
4.2.1 Governing equation for linear elastic plate 
FDFE assumes time harmonic nature of displacement u=u(x,z) eiwt and σ=σ(x,z) eiwt where x denotes the spatial location 
of the variable in the Cartesian space (x,z). The eiwt describes the harmonic nature of the variable. The equation of linear 
momentum balance in the frequency domain is given by 
2 i
vu F e
                                                                            (6) 
Where ρ is the assigned material density, w is the circular frequency for frequency sweep, Fv is the body force. Z=0 and 
Z=2.1 surfaces shown in Fig. 1 are kept traction free (σzx=σzz= σxx=0). Fixed boundary condition u=0 is applied at x=0 as 
shown in fig.1. To study the load dependence, the tensile boundary load P in MPa is applied to the boundary x=L for the 
domain ΩAl ∪ Ωadhesive in the positive x direction given by 
iwtn Pe                                                                                   (7) 
4.2.2 Piezoelectric transducer-Electrostatics 
For the piezoelectric media, as stated previously, the electric field is assumed irrotational. Thus, electric field E is related 
to the scalar electric potential V given as  
                           E V                                                                                       (8) 
0n D                                                                                         (9) 
Zero charge constraint is assigned in the domain Ωpz at boundaries x=0 and x=3. Charge density ρv in the domain Ωpz is 
given by                                                                        vD                                                                                        (10) 
4.2.3 External electrical Circuit for the instrumentation impedance 
In the experimental measurements using the EMI method, piezoelectric is connected to an impedance analyzer via lead 
wires soldered onto the metal electrodes. This introduces potential electrical impedance mismatch between the piezo and 
the impedance analyzer. This is modelled by introducing a resistor of impedance equal to the impedance analyzer. In the 
current study, the impedance value ois set to an ideal 50 Ω between node 1 and 2. The electric circuit module in COMSOL 
evaluates the global quantities voltage and current as a function of frequency sweep. In the current model, AC voltage of 
amplitude 1V is applied to the piezoelectric material via external current coupling of the terminal boundary condition 
assigned to PZT. The current on the piezoelectric positive electrode surface D
pz   is 
0
0 ,
D
pz
cir
dQ
D n Q I
dt
 
                                                                        (11) 
Hence the voltage on the positive electrode surface D
piezo  is given by  
( ) ( )pz source cirV V I R                                                                       (12) 
Using the frequency dependent voltage and current, the electrical admittance can be plotted as a function of frequency. 
 
4.2.4 Discretization 
A quadrilateral element of size 0.05mm was used for meshing the complete domain Ω= ΩAl ∪ Ωepoxy ∪ Ωpz. The total 
number of elements are 18080 with an average growth rate and average element quality equal to 1. Mapped meshing was 
used to provide node-to-node mapping (conformal meshing) for continuity of displacement during potential sliding motion 
between two domain boundaries.  
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5. RESULTS AND INTERPRETATION 
5.1  EMI response for Temperature and load dependence of piezoelectric material  
To study the arrangement given by the problem in Fig.1, it is necessary to first study the load and temperature dependence 
of electrical admittance of piezoelectric material. In this iteration, the material matrix of the PZT is changed as a function 
of temperature using the experimental data [26]. The applied boundary load on the PZT domain is changed from 11 MPa 
to 41 MPa with a parametric sweep. The configuration of the problem is given by Fig.2 
 
Figure 2. Problem configuration for load dependence of only piezoelectric material 
 
          
Figure 3. a) load dependence of EMI when PZT at 15 C                                        b) PZT at 105C 
 
 
            
Figure 4.  EMI signature change a) due to material matrix of PZT for constant load b) for change in applied load and 
piezoelectric material matrix effect 
The absolute value of admittance is plotted in Fig. 3 and Fig. 4. The tensile load dependence of electrical admittance can 
be seen in Fig.3 (a) and Fig.3(b). An increase in the applied boundary load reduces the admittance value, meaning an 
increase in the electrical impedance. This observation is in agreement with the experimental data reported in [27] [28] [29]. 
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 The effect of change in the material matrix of PZT (due to temperature) can be seen comparing Fig.3(a) and Fig.3(b). 
This indicates that the change in the material matrix of piezo can be identified by a considerable left shift in the frequency 
response of the EMI data. This observation is in agreement with the experimental conclusion by Wandowski et al. [20]. 
This observation will further be tested with iteration-2 given by Fig. 1 in the next sub-section.  For visual clarity of the 
simulation data, the dynamic response of admittance is at a constant load of 21 MPa as shown in Fig.4(a) where the 
temperature of piezoelectric material is increased from 15 to 105C.  
In practical EMI techniques, the temperature and mechanical load are both sources of variability for the bonded joint. 
When the mechanical load on the piezoelectric material is changed from P1 to P2, the challenge becomes-distinguishing 
that load change from the inherent change in the material matrix of piezoelectric due to temperature. This case is simulated 
in the iteration given by Fig. 4(b). It can be seen that, at a constant temperature, increase in the load from 21 MPa to 41 
MPa, only reduces the amplitude of the electrical admittance.  Therefore, for the given range of load, from 11 MPa to 41 
MPa, the application of mechanical load does not affect the resonance frequency of the piezoelectric material.   
The resonance frequency of the piezoelectric material is more dependent on the material matrix of the PZT than the 
given range of applied tensile load on it. As seen from Fig.3(b) and 4(b), the left shift of the resonance frequency obtained 
from the model is in agreement with the conclusion of experimental study on effect of temperature on piezoelectric sensors 
for impedance based structural health monitoring by Baptista et al. [30] 
5.2 Decoupling EMI response of temperature dependent piezoelectric from the adhesive stiffness reduction 
The main purpose of EMI techniques is bond-line monitoring in adhesively bonded specimens. The geometric 
configuration of this scenario is given by Fig.1. However, external load P is not applied in this iteration. The objective is 
to distinguish the material matrix effect of piezo from the stiffness reduction of the adhesive when no external load is 
acting upon it. The stiffness reduction is modelled by changing the acoustic impedance Zadh of the adhesive as stated earlier. 
Fig. 5(a) and 6(a) show real and imaginary parts of electrical admittance for the case of reduced stiffness of the adhesive. 
Fig. 5(a), 6(a) and 7(a) represent a setting in which only the stiffness of the bond changes and the piezo material matrix 
remains unchanged. In such cases, cross-correlation techniques can be used to quantify the change in the real or imaginary 
part of the electrical admittance [23].  Subpart (b) of Fig.5 through 7 represents the admittance spectrum when material 
properties of PZT are changed [26] corresponding to a temperature of 105 C.  
 
   
(a)                                                                                          (b)  
Figure 5. Conductance to distinguish piezo material effect from the adhesive stiffness reduction 
 
The resonance frequency shift due to PZT can be seen on the imaginary part of the admittance shown in Fig. 6(b). In Fig.5 
and Fig.6, admittance spectrums also indicate that the sensitivity of the EMI method for 10% reduction in the stiffness of 
the bond. It can be seen that resonance frequency spectrum does not shift significantly due to a 10% reduction in the bond 
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stiffness. Moreover, piezoelectric material effect can easily be detected in the susceptance data as shown in Fig. 6(b) to 
indicate a malfunctioned sensor in order to avoid misinterpretation of the EMI data.  
 
  
                                                    (a)                                                                                        (b) 
Figure 6(a-b). Susceptance to distinguish piezo material effect from the adhesive stiffness reduction 
 
In the next iteration, the case considered is a higher (64%) reduction in the Zadh.  As shown in Fig. 7 (a), this reduction 
causes a visible change in the admittance frequency spectrum compared to pristine bond state. The challenge here then 
becomes- distinguishing   the frequency shift in the EMI response due to a 64% reduction in the adhesive stiffness from 
the shift which is caused by the temperature material matrix of piezoelectric material. This is critical to distinguish because 
a higher frequency shift can be interpreted as a malfunctioning of the sensor due to temperature dependence PZT material 
matrix, which can actually be due to a significantly weak bond state.  
 
                                                   (a)                                                                                   (b) 
            Figure 7 (a-b).         Distinguish EMI response of very weak bond from piezoelectric material effect  
 
The absolute admittance spectra for this case is shown in Fig. 7(b).  Fig.7(b) compares a) PZT at 15 C with pristine bond 
state b) PZT at 15 C with a very weak bond state (64% reduction) c) PZT at 105 C with nominally weak bond state (10% 
reduction). Comparing the admittance value at a frequency greater than 2.5 MHz gives the limited ability to distinguish 
the EMI response of very weak bond state from the piezo material matrix effect. 
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5.3 Distinguishing load dependence from temperature dependence of piezoelectric material matrix 
In the section 4.1, external mechanical load was applied to only the piezoelectric material. In this iteration, the geometric 
configuration from Fig.1 is simulated to study the load dependence of the EMI response. The piezoelectric material matrix 
effect in this case refers to the material matrix which corresponds to 105 C—the same as previous iterations. 
 
  
Figure 8. Electrical admittance a) without PZT material effect (15 C)       b) With PZT material effect (105 C) 
 
Comparing Fig.8 (a) and (b) it can be seen that the maximum value of admittance for the given frequency spectrum reduces 
with the introduction of the piezoelectric material matrix effect. The explored view of spectrum in Fig. 8(a-b) is shown 
Fig. 9(a) and (b) respectively. The peak frequency corresponding to the maximum value of admittance reduces due to this 
piezo material matrix effect as shown in explored views in Fig. 9(a) and 9(b).  
            
(a)                                                                                   (b)                                               
Figure 9. Explored view of the admittance spectrum (from fig. 8(a)-(b) respectively) 
 
As the applied external load on the bonded specimen increases, the electrical admittance decreases as shown in the explored 
views in Fig. 9, which is consistent with conclusion from Fig.3(b) and Fig.4(b). Hence, in this iteration, load dependence 
of EMI on the bonded specimen is demonstrated in the presence of piezoelectric material matrix effect. 
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5.4 Distinguishing adhesive stiffness reduction  
Acoustic impedance Zadh of the adhesive was not altered in the previous (5.3) section. The objective of this iteration is 
to investigate the signal feature for a 10% reduction in stiffness of the adhesive in the presence of external load and 
temperature dependent piezoelectric material matrix effect. 
                  
Figure 10-10% reduction in Zadh  a) without PZT material effect             b) with PZT material matrix effect (105C) 
 
Comparing Fig. 10(a-b), it can be seen that the lower frequency resonance (at 1MHz) shows negligible change in the 
admittance value. However, higher frequency resonance reduces in the magnitude as the piezoelectric material matrix 
effect is introduced.  Fig.11(a) shows the final iteration in which following cases are simulated:  a) pristine bond state with 
no change in the piezo electric material matrix b) Pristine bond state with piezoelectric material matrix effect c) A 10% 
reduction in Zadh with no change in PZT material matrix d) 10% reduction in Zadh with the PZT matrix effect. 
         
Figure 11-a) EMI signature under various conditions at constant load b) Exlpored view 
 
From Fig. 11(a-b), it can be seen that the impedance spectra in different cases are not completely distinct from the pristine 
bond state with no piezoelectric material matrix effect. The EMI characteristics that are consistent with the previous 
iterations are as follows: a) The temperature influence on piezoelectric material matrix causes considerable shift in the 
frequency response of electrical admittance b) Reduction in the stiffness of the bond is indicated by the decreased 
magnitude of admittance spectrum. Both piezo material effect and bond stiffness reduction effect cause more than a 75% 
reduction of magnitude in the impedance spectra as shown by the purple line in Fig.11(A dashed separating line is used to 
underline the difference in the magnitudes).  
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6. CONCLUSION  
Current work has developed a finite element model to distinguish load and temperature dependence of EMI based bond-
line monitoring.  Initially, only load and temperature dependence of piezoelectric material was studied numerically in this 
work. The left shift in the resonance spectrum is found to be significant due to material matrix effect of piezoelectric 
material than the applied mechanical tensile load. Increase in the tensile load, for the given range, only reduced magnitude 
of admittance without a considerable shift in the frequency spectrum.  
This conclusion remained consistent with the case of piezoelectric material attached to the bonded, aluminum thin plates. 
However, it is shown that analyzing higher frequency resonances can help distinguish the reduction in the adhesive stiffness 
from the piezoelectric material matrix effect. It was also shown that, when both of these effects are present in the bonded 
specimen, the simulated electrical admittance magnitude of the bonded specimen reduces by 75% as compared to the case 
of pristine bond state without any temperature dependence of piezoelectric material matrix. 
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